
, 
, 

, 

REPORT NO. 
JANUARY 1981 

RAIL-HIGHWAY CROSSING ACCIDENT 

PREDICTION RESEARCH RESULTS - FY80 

E.H. Farr 
P. flengert 

PROJECT MEMORANDUM 

THIS DOCUHENT CONTAINS PRELHIINARY INFORNATION SUBJECT TO 

Cl�NGE. IT IS CONSIDERED AN INTERNAL TSC WORKING PAPER 

WITH A SELECT DISTRIBUTION ��DE BY THE AUTHOR. IT IS NOT 

A FORHAL REFERABLE REPORT. 

U,S, DEPARTMENT OF TRANSPORTATION 
RESEARCH AND SPECIAL PROGRAMS ADMINISTRATION 

Transportation Systems Center 
Cambridge flA 02142 





PREFACE 

This report pres ents t he resu l t s  of re s earch performed at the 

Transportat ion Sys t ems Center (TSC) dea l ing with mathematical  

methods of  pred ict ing accident s  at  rail - h ighway cro s s ing s . The 

work cons i s t s  of three part s : Part I - Revi s ed DOT Acc i dent Pre ­

dict ion Formula;  Part I I  - Acc i dent Predict ion Formul a  with 

Acc i dent Hist ory ; Part I I I  - Comp ara t i ve Performance o f  three Ra i l ­

Highway Cro s s ing Ha z ard Mode l s . The s tudy was sponsored by the 

u . S .  Department of Transport a t ion (DOT) , (specific al ly , the Off ice  

of  Safety of  the  Fed eral Ra i lroad Adminis trat i on and the  Office o f  

Res e arch of  Federal Highway Adminis tr at ion ) . Thi s  s tudy s upports 

a program wh ich was out l ined in the 1 9 7 2  DOT report to  Congre s s  on 

safety improvement at 30 , 0 0 0 rai l -hi ghway cro s s ing s in the Un ited 

S t at es . 

Thi s  report is  part of a TSC rai l - h i ghway program under th e 

management o f  Robert Cou l ombre . Some ana ly s i s  and computer pro ­

gramming work fo r P art I was done under contract by I OCS , Cambr idge , 

Mas s a chus etts . Oth er comput er pr ogramming work for a l l  th ree 

p arts was done by Steven Cu1 trera of TSC . 
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1. INTROnUCTIO� 

A new acc i dent predict ion formu l a  has been deve lope d us ing 

the s ame techniques as tho s e  used fo r the o l d  formu l a . l The work 

was done wi th two purpos e s  in mind : 1 )  to  s ee i f  the resul ting 

formu l a  would be s i gni f icant ly d i fferent , if another s et of  acci ­

dent data were us ed ins tead of  the 1 9 7 5  acc id ent data emp l oyed 

for the original  formu l a ; and 2)  to use  a funct i on of  "exposure" 

fo r the part of  the formula invo lving t raffic vo lumes . 

On the firs t po int , the 1 9 7 6  accident fi l e  and the Augus t 

1 9 76 invent o ry were us ed to deve l op the formu l a .  More specifical ly , 

hal f o f  the fi l e  was us ed to  determine the coe ff i c i en t s , by regres ­

s ion and i te rat ion , and the other ha l f  was used fo r tes t in g  and 

formula s e l ect ion based on power and predict ion factors. 

On the s econd po int , "expo s ure" is  de fined a s  the product o f  

da i l y  h i ghway and da i ly train traffic . I t  was thought that expos ure 

woul d be proper to us e to bui l d  the vol ume funct i on , becaus e the 

New Hampshire formul a produc e s  good p o wer factors in mo s t  case s . 

Thi s  i s  a l s o t rue fo r the Peabody - Dimmick formula , whi ch re s emb le s  

an exposure formul a .  Another rea s on i s  that the l eve l curves o f  

t he o r i g inal ha zard formul a ,  in the C, T pl ane , have been obs erve d 

t o  be nearly hyperbo l i c . The main b ene f i t  o f  an expo sure fun c t i on 

i s to  s impl i fy the formu l a . Th i s  s hould add to  i t s  cred ib i l ity 

e spec ia l ly fo r those  us ers who are not ma thema t i cal ly t ra ined an d ,  

IMengert , P . , "Ra i l - H igh\\'ay Cro s s  ing Ha zard Predi c t i on Res e arch 
Resu l ts , "  U . S .  Dept . of Transpor t a t i on , F ed er a l  Ra i l ro ad Adminis ­
tration , Washingt on DC , Mar ch 19 80 , FRA - RRS - 80 - 02 .  

2 
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hence , are not comfortab l e  wi th an abs tract mathema t i ca l  function . 

Having exposure repres ent h i ghway and train traffic wi l l  a l s o  

shorten the t ab l es u s e d  for evaluat ing the formu l a . 

In Sec t ion 2 ,  t ab l es are pres ented wh i ch are conveni ent to 

use  in determ inin g  acc ident p red ict ion va lues when only a few 

cro s s ings are invo l ved . I n  Sec t i on 3 ,  characte r i s t ics  o f  t he 

formul a  are d i scus sed , inc luding s ens it ivi ty to  the independent 

vari abl e s . In Sect ion 4,  the per formance o f  the ne w formul a  i s  

g iven and a compar i s on i s  made with the o l d  formula. I n  Section 

5,  the deve lopment and derivat ion o f  t he formu l a  are d is cu s s ed . 

Sect i on 6 cont a ins the conc lus ions . 

3 



2. FORMULA AND TABLES 

The revi s ed formul a  has been deve loped by the techn i que d i s ­

cus sed in Sec t i on 5 .  Thi s  formul a  has been norma l i zed for 1 9 7 7  

; accident s u s ing the May 1 9 7 8  invent ory . The norma l i zat ion was 

done first by making the s um of the predicted acc idents of t he 

cro s s ings in the groups (correspond ing t o  t he three equa t i ons ) 

equa l to  the number of  val id acc ident records  in each group ,  re ­

spect ive ly . Then , a further c onstant was appl ied to  a l l  t hree 

equat ions  to make the s um of predicted acc idents of a l l  c ro s s ings 

equa l to  1 2 , 2 9 9 , the total number of cro s s ing acc ident s in 1 9 7 7 .  

The formul a cons i s t s  of  the fol l o wing three equat ions : 

a .  For Warn ing Device  Classes  1 ,  2 ,  3 , 4 , (Pa s s ive Devi ces ) :  

h = 0 . 0 0 8 7 3  e2 X1 

Xl = . 3 8 39 LOGl O ( CT + 0 . 2 )  + . 1 5 38  LOG1 0  ( D  + 0 . 2 )  

- 0 . 3 0 8 0  HP + . 0 5 1 1 1  P + . 0 0 38 5 5  1'-1S 
- . 0 49 9 1  HT + . 1 0 4 7  �1T 

b .  Fo r Warn ing Device Cl a s s e s  5 ,  6 ,  7 : 

h = 0 . 0 0 43 4  e 2X 2 

X2 
= . 34 00 LOG1 0 ( CT + 0 . 2 ) + . 05 41 5  LOGl O (D + 0 . 2 ) 

+ • 0 5 442 �IT + . 0 6 9 0 0 L  + . 02 0 32 P .  

c .  Fo r Wa rning Device Cl a s s  8 :  

h = 0 . 0 0 1 6 3  e 2X 3 

X 3 
= . 3 5 8 8  LOG1 0 ( CT + 0 . 2 ) + . 1 4 5 6 JtIT + . 0 5 1 8 0 L .  

h = Predicted numb er of acc ident s per year 

T = Number o f  train s  pe r day 

C = Number of h i ghway vehic le s  p e r  day 

4 



D = Number o f  day thru t ra ins per day 

�IT = Number o f  ma in tracks 

MS = Haximum t ime t ab l e  speed 

HP = Hi ghway pave d = 1 if paved , 2 if not pave d 

P = Popul at ion . Thi s i s  the tens d ig i t  o f  funct ional  

c l a s s i ficat ion o f  road ove r cro s s ing 

HT = H i ghway type . Thi s  i s  t he un i t s  d i g i t  o f  functional  

c l as s i ficat ion o f  road ove r cros s ing . 

L = Number of traffic l an e s .  

Al l o f  t he variab l e s  refer to da ta taken direct ly from the in -

ventory. 

For conveni ence , Tab l e  2 - 1  shows wh i ch vari ab l e s  are in the 

o ld formu l a  (I) and whi ch are in the new (revi s ed)  fo rmu l a  (X). 

TABLE 2 - 1 .  OLD AND NE1� FORHULA VARI ABLES 

---: 

Var iab l e  P a s s i ve 

C Xl 
T Xl 
D Xl 
MT Xl 
HP Xl 
MS X 
HT Xl 

p Xl 
L 

5 

Fl ashing 
Lights 

Xl 
Xl 
xl 
Xl 

I 
XI 
Xl 

----

Gat e s  

Xl 
Xl 

Xl 

Xl 
----- . -

i 
I 

t 



2. 1 WAR�I NG DEVI CE CLASSES 1 ,  2,  3 ,  4 

General ly , i t  can b e  concl ude d that the o l d  s e t  o f  variab l es 

and the n ew s e t  are nearly the s a me .  Maxi mum t i me -t ab l e  speed i s  

t he only new ent ry and only h ighway type has dropp e d  out o f  the 

fl ashing l i ght equat ion . 

Tab les  have been prepared for t he s e  c la s s e s  which are con­

venient for c a l culat ing ha z a rd indexe s . The equat ion for device 

c l a s s e s  can be wri t t en as a product o f  factors : 

where 

EI I _4 = �00 8 7 3  ( CT + 0 . 2) ·3 3 3S 

DTI _4 = ( D  + 0 . 2) · 1 3 3 4  

�iPI - 4  = 

MTI _4 = 

PI - 4  
= 

HTI _4 = 

e - . 6 1 6 0  HP 

e ' 209 4�fT 

e ·1 0 222P 

- . 0 9 9 9 8 2HT e 

MSI _4 = e · 0 0 7 7 1 0MS 

Each of thes e  factors is tabul a t e d  in Tab l e  2- 2. 

2. 2 WARN I NG DEVI CE CLASSES S , 6 ,  7 

Fo r warn in g  device c l as s e s  S,  6 , 7 ,  the pro duc t form o f  the 

equa t i on i s :  

H = EI S _7 X DTS _7 X MTS _7 X L S - 7  X P S - 7  

E I S _7 
= . 0 0 434 ( CT + 0 . 2) ·29 S 3 

DT S_7 
= ( D  + 0 . 2) ·0 4 7 0  

MTS_7 
= e ·1 0 8 8 4 HT 

LS - 7  = e ·1 3 8 0 0 L 

P S- 7 = e · 0 40 6 4 P 

Each of  these fac tors i s  tabul ated in Tabl e 2- � . 
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2 . 3  WARN ING DEVI CE CLASS S 

For warn ing device c l a s s  S ,  the product form o f  the equat ion 

is : 

where 

EI S 
= . 0 0 1 63 ( CT + 0 . 2 ) ·31 1 7  

t-IT S 
= e · 2 9 12 MT 

L S = e · l 0 360 L 

Each o f  the s e  fact ors i s  tabul ated in Tab l e  2 - 4 . 

TABLE 2 -4 .  FACTORS FOR WAR�ING DEVI CE CLASS S 

- -
CT -

<1 65 0 
1 65 0 -52 37 
52 3S - 2 50 0 7  

2 5 0 0 S - 560 0 4  
>5 60 04 

�fa in 
E I S Tracks 

-

<. 0 1 5  0 
. 02 1 
. 0 3 2 
. 0 4 3 

> . 0 4  4 
5 
6 

>6 

MTS Lane s  
-

1 .  0 0  1 
1 . 34 2 
1 .  7 9  3 
2 . 4 0 4 
3 . 2 1  5 
4 . 2 9 6 
5 . 74 7 

>5 .74 S 
9 

>9 

9 

L S -

1 . 1 1 
1 .  2 3  
1 .  3 6  
1 .  5 1  
1 . 6S 
1 .  S 6  
2 . 0 7 
2 . 2 9 
2 . 54 

>2 . 54 
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3. FORMULA CHARACTERIS TICS 

3 . 1  SENS I T IVI TY 

I t  i s  important t o  determine the sens it ivity o f  the equat ion 

for the pred i ct ed acc ident s per year h ,  to t he many va riab les  in 

the equat ions . As a funct ion of C and T ,  keep ing t he o ther va r i ­

able s fixed , the funct ion for h i s  o f  the form : 

h = K ( CT + 0 . 2 ) a, 

where K and a are constant s . For T (or C) fixe d ,  h i s  o f  the 

general form : 

h 

C (or T) 

It increases  without bound and the rat e - o f - chan ge can b e  obt a in ed 

by s impl e  di fferent iat ion . The s teepe s t  s l ope i s  a t  C = 0 ,  with 

the s lope decrea s ing a s  C increas e s . 

For the o t her variab l e s , the sens it ivity o f  H can be determined 

by s imp le al gebra , with the re sul t s  s hown in Tab l e  3 - 1 .  Thu s , fo r 

examp l e , for warning device c l a s s e s  1 ,  2 ,  3 ,  4 ,  i f  MT i s  increased 

by one , and a l l  the o t her variab l e s  are held  fixed , the new va lue of  

H is 1 . 2 3 3 t ime s the  o l d  value . The c onstant 1 . 2 3 3 , i s  used no 

matter what the va lues o f  t he var i ab les  are . 

1 0  



.: 

TABLE 3 - 1 . SENS I T I VI TY OF h TO NON- VOLID1E VARIABLES ...... -
! 
Var i ab l e  

D 

HT 

H P  

�fS 

F 

P 

L ..... 

Chan ge in h Eer un i t  

Cl a s s e s  1 ,  2 , 3 ,  4 

[e + 1 .  � • 1 3 34 ] 
D + O. 2 

- 1  H 

. 2 3 3 11 

- . 4 60H 

. O O8H 

- . 09 5H 

. I 0 8H 

-

3 . 2 FORNULA GRAPHS 

Incre a s e d  in Var i ab l e  

Cla ss e s  5 ,  6 ,  7 Cla s s  8 

[� + 1 . 2) . 04 7 0 _1 H -
D +0-:-2" 

. 11 5H . 3 3 8H 

- -- -

- -
. 0 4 IH -

. 1 4 8 1-1  . I 0 9H 

I t  i s  a lways di fficul t to  graph i cal ly port ray a mul t i - variab l e  

funct i on . I n  this cas e , i t  i s  use ful to  con s ider the predic t ed 

acc ident s per year h as a funct ion of  the pr inc ipa l independen t 

var i ab l es T and C, hold in g  the non - vo lume var iab l e s fi xe d .  

When t h i s  i s  done , h c an b e  viewed a s  a s urface defined over t he 

C ,  T p l ane . Th e equa l l eve l l ines o f  the three acciden t pre dic ­

t ion surface s are s hown i n  Figures 3 - 1 ,  3-2 , and 3 - 3 .  

One o f  t he s ign if i can t resul t s  o f  the s e  s ur faces i s  that t he 

s urface for warn ing device c la s s e s  5 ,  6 ,  7 i s  everywh ere l e s s  than 

that for warn ing devi ce  c l a s s e s  1 ,  2 ,  3 ,  4 ,  and the surface for 

warn ing device c l a s s  8 is l e s s  than tha t for warn ing device c la s s e s  

5 ,  6 ,  7 .  Th i s  contra s t s  s omewhat with s imi l ar s ur faces for the 

1 1  
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previous formu l al i n  that  the s urface for warni ng device cla s s es 

5 ,  6,  7 was h i gher than that for wa rni ng device c l as s es 1 ,  2 ,  3 ,  

4 for part o f  the C ,  T p l ane . 

Ano ther obs erva t i on i s  that h ,  for warni ng devi ce c l as s es 1 ,  

2 ,  3 ,  4 ,  i s  monotoni ca l l y  i ncre a s i ng with T and C. Th i s  a l s o  i s  

i n  contrast to  the previous formul a which had a flat re g i o n  for 

the s urface and even a maximum for l arge T and C .  

For d ifferent va l ues  o f  the non-vol ume variabl es , the s urfaces 

woul d have t he s ame e s s ent ia l character . Thi s  is  b as ed on  the 

o bs ervat ion from the s en s i t ivity re s ul t s  that any change in the 

non-vo l ume variabl e s , other than D, will  caus e  the s urface to  be 

changed only by a constant . The cons tant w i l l  be d i ffere nt gene r ­

a l ly fo r each equat ion, which cou ld cause the sur face for a hi gher 

warni ng device to  be actua l ly h i gher . Th i s  appears to  be true 

only for very extreme va lue s of  t he var iab l e s  and for a very sma l l  

number of  cro s s i ng s . For d i fferent values of  D ,  the mu l t ip l i e r  of  

the s ur face is  a funct io n  of  D ,  and hence the e ffect i s  not so  

s imp ly s t ated . However , i t  i s  not expe cted that t he character of  

the  surface would change cons iderab ly . 

lMengert , Ope Ci t . , p .  B - 7 .  

1 5  



4. PER FORMANCE O F  REVISED FORMULA 

The f i na l  performance mea s ure o f  t he revi s e d  formul a  is ex ­

pre s sed by the power factors and pred ict ion factors . To exp l a i n  

the s e  me asure s , f i r s t  rank the cro s s ings by the acc ident pred ict ion 

formul a  and s e l ect the xt having the h i ghe s t  va lue s . Then i f  Y 
denotes  the percent o f  acc ident s  which occur w i th i n  th is  s e l ected 

set o f  cro s s i ngs , a nd Z deno t e s  t he percent of tot a l  s um of pre­

·d icted acc ident s  repre s e nt ed by this se lected s e t  of cro s s i ng s , 

then the xt powe r factor i s  Y/X and the Xi pre d i c t i o n  factor i s  

Y/Z. Power factor e xpres s e s  t he ab i l ity o f  a formul a  to  determ i ne 

re lat ive acc i de nt rate , and predict i o n  factor expre s se s  the ab i l ity 

of the formul a  to  determ i ne ab s o lute acc ident rate . The power 

factors  and predict i o n  fac t ors for X = 0 . 2 5% ,  0 . 50 % , 1. 0 % ,  2 . 0 % ,  

3 . 0 % ,  5. 0 %  10 . 0 % for the revi sed formul a  a lo ng with the corre ­

spond i ng values fo r the o l d  formu l a  are g iven i n  Tab l e  4 - 1 .  

Res ul ts are given fo r cros sbucks (warni ng device  c la s s  4 ) , 

for fl ash i ng l i ghts (warni ng device c l as s  7 ) , and for gates  (wa rn­

i ng devi ce c l as s  8 ) . I ncorpora t i ng acc ident his tory , the formu l a  

used is  g iven i n  Part I I : 

where , 

t t H = �t--�
O

�t -- h + t + t 0 + 0 

H = Pred i cted accide nts per y ear wi th accid ent h i s tory 

h = Pr ed ic ted accidents per year wi thou t accident his tory 

t = Numb er of  years of  accident h i s t ory 

n = Number of acc idents i n  t years 

t = 
1 . 0  

o .05 + h 

16 
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Resu l ts are g iven for al l e ight c l a s s e s  com bined , with t= O ,  t el ,  and 

t =2 .  When t eO (and hence n = 0 ) , it is s een th at H =h .  

Overa l l , it appears that t he revised formu l a  performs ab out 

equa l ly we l l  in comparison w it h  the o ld formula . In some p laces 

it is better and in other p l aces  it is wors e .  The d if ference 

between the formu l a s  t ends to d im in ish as t increa s e s  from zero , 

t o  one , to  two . In fact , int rod uc ing acc ident h is tory into the 

formula s e ems to  overpower many other factors . Perhap s it could 

turn out that a very s imp l e  bas ic formula w ith acc ident his t o ry 

would be s uff ic ient ly accurate to  be used in p l ace  o f  the more 

comp l icated bas ic funct ion w it h  acc ident his t ory .  The adv�nt a ge 

of  this wou ld be s imp ler ca l cu lat ions and short er t ab l e s . A con ­

jec ture could be o ffered that perhaps acc ident h i s t ory comb ined 

only w it h  vo l ume var iab l e s  w il l  produce a s uffic ient ly accurate 

formula because the informat ion in the non-vo lume var iab l e s  m ight 

be adequate ly repre sented by acc ident h is t o ry .  

The se  res ul t s  a l s o  demons t rate the s omewhat s urpr is ing fa ct 

that power fa ctors for comb ined clas s e s  can be great e r , fo r any 

f ixe d percentage o f  c ro s s in gs , than for any o f  the in dividual 

clas s es . 

An academic examp l e  which il lustrates this phenomenon is the 

fo l lowing . Cons ider twe lve c ros s ings : four are pas s ive , denoted 

as  X l ' X2 , X3 , X4 ; four are f l ashing l ight cro s s ing s deno t ed as 

Yl , Y 2 , Y3 , Y4 ; and four are gate cro s s ings , denoted as Zl ' Z2 ' 

Z3 ' Z4 · The se  cro s s ings are l i s ted in rank order on the 

fo l l ow ing page . 
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Pas s ive F l a s h in g  L iJht s  Gat e s  

I D  H A ID H A ID H A 

Xl . 5 2 0 Y1 1. 02  1 Z l . 2 7 0 

X2 . 5 1 0 Y 2 1 .  0 1  1 Z2 . 26 0 

X3 . 4 9 1 Y 3 . 99 1 Z 3 . 2 4 0 

X4 . 4 8 1 Y 4 . 9 8 1 Z4 . 2 3  1 

Here H denot e s  the predicted acc idents per year and A denotes  the 

number o f  accidents o ccurring in the g iven t e s t  yea r .  The comb ined 

s et of cros s ings , when rank ordere d ,  are : 

Comb ined 

I D  H A 

Y1 1 .  0 2 1 

Y 2 1 .  0 1  1 

Y 3 . 9 9 1 

Y4 .9 8 1 

Xl . 5 2 0 

X2 . 5 1 0 

X3 . 4 9 1 

X4 . 4 8 1 

Z 1 . 2 7  0 

Z 2 . 26 0 

Z 3 . 2 4  0 

Z4 . 2 3  1 

1 9  



The power factors for three p e rcent a ge l eve l s  for each c l a s s  

and for the comb ined c l a s s  are : 

Perc ent Fl ashing 
--

of Cro s s in gs Pas s ive (X. ) Ligh t s  (Y. ) Gat e s  (z.) J. Comb in ed J. J. 

2 5  0 1 0 1 . 7  

50  0 1 0 1 . 14 

7 5  . 6 7 1 0 1 . 14 

1 0 0 1 1 1 1 

Th is il l ustrates that the c omb in ed power factors are h igher 

t han th ey are for the individua l c l a s s es . 
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5. FORMULA DEVELOPMENT 

The bas ic t echn i que u s ed for acc i dent pred ict ion formula de­

vel opment i s  the  one expounded in  the Mengert report . l To  rec a l l ,  

the s t eps are : 

1 .  U s e  an i t erated non - l inear l o g i t  regre s s ion to fit  a b e s t  vo lume 

equa t i on .  

2 .  Check the adequa cy o f  the vol ume equat ion with the s e l e c t i on 

re gre s s i on . 

3 .  I f  there i s  s ome doubt con cern ing whi ch o f  two vol ume equat ions 

is better , compare them us ing power fact ors and predict ion 

fa ctors . 

4 .  W i th a final vo l ume equat ion in han d ,  use a s e l ect ion regre s ­

s ion to  cho se  t he non - vo l ume variabl e s  to  use . 

5 .  Fit a b e s t  comprehen s ive equat i on us in g i terate d  non - l in ear 

regres s i on .  

6 .  Test  bes t comprehen s ive equat ion us ing power fa ctors and pre ­

di ct ion fa ctors . 

5 . 1  DATA SETS 

Al l t he re gres s ions re ferred t o  above were c a l cul ated on dat a  

s e t  A ,  whi l e  the power factors were c a l culated  on both data s et A 

and da ta  set  B with impo rtant dec i s ions b eing made chiefly for the 

resul t s  on data  set B .  These two data  bases  we re con s t ruct ed 

s imi l arly to tho s e  des cribed in the Mengert report . 2 Data  s ets A and 

B are d is j oint and of equa l s i z e .  Both are compris ed of a random 

lMenger t , P . , Op e Ci t .  
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s amp l e  of  records from the cros s in g  inventory a s  o f  Augus t 1 9 76 

and a l l  l inked records from the accident data for 1 9 76 .  Each 

acc id ent record in 1 9 76 wh i ch coul d  be l inked wi th the inventory 

Ja s  represented by the inventory record of the cro s s ing at which i t  

o ccurred p l u s  a fie l d  indicat ing a n  acc ident record . Each record 

s ampl e d  from t he inventory was repres en t e d  by the invent ory record 

plus the acc i dent fi e l d  which in this case indicates a cro s s in g  

record ( Le . , "no a cc i dent " ) . Data  sets  A and B were fina l l y  broken 

down into 3 s ub - data  s e t s  each: cros sbucks , fl ashing l i gh t s , and 

gat es . The records in the crossbucks ' dat a s e t s  were s ampl ed un i ­

formly at random from warn ing device c la s s  4 . The records in the 

fl ash ing l i ght s '  dat a  base came from cl as s 5 ,  whi l e  the records in 

t he gat e s '  data bas e c ame from c l a s s  8 .  The total  accident and non ­

accident records  in each sub-data s e t  of  A and B are given in Tab l e  

5 - 1 . In it wi l l  be not iced that app rox imat e ly 1 1 %  o f  the acc ident 

records for 1 9 7 6  are not us ed in data sets  A and B .  The 1 1 %  re-

presents the fract ion for which invent ory records coul d  not be 

obta ined by matching cro s s ing , I . D . 's ,  i . e .  l inking wa s impos s ib l e  

due to  faulty I . D . 's .  The two dat a s e t s  are a lmost exact ly equal  

in  s i ze  and in  distribut ion o f  records ove r the  cat e go r i e s  deter-

mined by warn ing device c la s s  (the three nominal cl a s s es de a l t  

with h ere)  and accident s/non - accident s .  The total numb e r  o f  records 

in the o r i g inal  base from whi ch the s amp l e  data base  was dra lm 

a re al s o  shown . 

The s ampl ing rat io i s  s e en to  b e  di fferent for every cat e gory . 

For example , for cro s s bucks - acciden t - data base A ,  the s amp l in g  

ratio i s  5 6 39/ 2 44 2 %2 . 3 , i . e . , about one record i n  2 . 3  o f  the 1 9 7 6 

ful l  accident data base whi ch has a warn in g  devi ce cl a s s  1 ,  4 

2 2  



• 

TABLE 5 -1 .  COMPOS I TI ON OF DATA SETS 

COHPOS I TI O� OF CROSS �UCKS nATA SETS 

NON - TOTAL 
ACCI DENT ACCI DENT D.B . 

1 9 7 6 Tot a l  5 , 639 1 1 4 1 , 4 7 7 2 

Dat a  Set A 2 , 44 2 2 8 , 2 9 6  30 , 7 3 8  

Dat a Set B 2 , 4 4 2  2 8 , 2 9 6  3 0 , 7 3 8 

COMPOS I T I ON OF FLASH I NG LI GHTS DATA SETS 

NON- TOTAL 
ACCI DENT ACCI DENT D . B .  

1 9 7 6  To t a l  3 , 8 4 2 1 3 3 , 9 6 92 

Data Set A 1 , 74 7  1 3 , 5 8 8  1 5 , 3 3 5  

Dat a  Set B 1 .  7 4 7  1 3 , 5 8 8  1 5 , 3 35 

COMPOS I T I ON OF GATES DATA SETS 

NON - TOTAL 
ACCI DENT ACCI DENT D . B .  

1 9 7 6  Tot a l  9 2 91 1 1 , 9 8 32 

Dat a  Set A 42 7 3 , 5 9 5  4 , 0 2 2  

Dat a  Set B 42 8 3 , 5 9 5  4 , 0 2 3  
.-

lRa i1 -Jii gh ,'t'ay Grade Cro s s ing Acc i dents / Inc ident s  Bul let in ( 1 9 7 6 ) , 
p .  7 .  

2S urnmary S ta t i s t ic s  o f  the Nat ional  Ra i l ro ad- Hi ghway Inven tory for 
P ub l ic At - Grade Cro s s ings , June 1 9 7 7 ,  Page 3- 5 7 .  
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app ears in data bas e A .  For cros s bucks - non- acciden t - data bas e 

A ,  the s ampl ing rati o  i s  1 4 1 4 77/2 8 2 9 6  = 5 : 1 .  

The s amp l ing ratios  were b as ed on exp e r i ence reported in th e 

Mengert report . l The bas i c  i dea was t o  h ave the same or s l igh t ly 

more non- acci dent cros s ings than acc ident cro s s ings in the h i gh 

ha z ard c at eg or i es in a l l  s ub - da t a  bas es , to  l i mi t  the number 

o f non-acci dent records to  a l l ow for more e ffi c i en t  proces s in g . 

5 . 2 CROSSB UCK EQUATI ONS 

Formula deve l opment proceded as fo l lows . F i r s t  t he deve l o p ­

ment o f  the cro ssbucks equat ion i s  d i s cus s ed . I t  h ad b een ob s e rved 

that expo sure equat i ons , i . e . , acc i dent pred i c t i on formulas  bas ed 

on vehicu l ar vo lume t imes train vo lume have power factors almo s t  

a s  good as vo lume equat ions o f  general func t i onal form . I t  ther e ­

fore s e emed appropr i a t e  t o  a t t empt to  deve l op a comprehens ive 

acc ident pred i c t ion formula based on an exposure equation as this  

wou ld pre sumab ly perform about as wel l  a s  one  bas ed on a more 

g eneral volume equa t i on and be much s impler to use . The equa t i on ,  

being s impl e ,  might be expected to show more s tabi l i ty over t ime . 

Let X b e  de f in e d  by : 

X = l o gl O ( C  • T + 0 . 2 ) , 

where 

C = veh icl es /day , 

and 

T = total  number of tra in s /day . 

The quant ity C . T wil l be c a l l ed expo sure whi l e  X may be re ferred 

to  l oo s e ly as log (exposure ) .  Not ice t hat  0 . 2 is added to C • T 

1 Men gert , P . , Op . C i t . 
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before t aking the l ogar i thm in order to  avo id an unde fined value 

for X when C is 0 or T is O . Denoting the value of the acci dent 

pred i c t i on formu l a  by h ,  a g enera l " exposure acc i dent predict ion 

equat ion" wi l l  be o f  the form h = fl (C . T)  or h = f2 (X) , where 

fl and f2 are arb it rary funct ions . Almo s t  as general woul d  be h 

= e 2y , where 

Y = ao + a l X + a 2X2 + A3X3 + • • •  + anXn , 

where n i s  arb i trary . 

I f  more than the first two t erms must be use d , then perhaps 

a more general vol ume e quat ion sho ul d be ent erta in e d . I n  any event , 

the s impl e s t  equat ion and the one to  be t r i ed firs t i s :  

5 . 2 . 1  Cro s sbucks E xpo sure E quat ion 

The coe ffic ient s of  this  equat ion were ca l ibrated us ing the 

i t erated non - l inear regres s i onl w i th data s e t  A (Crossbucks 

s ubse t ) . The res ul t s  are g iven in Tabl e  5 -2 (re fer to cro s sbucks 

case on ly) . Note t hat the con st ant a O i s  o f  no general i zab le s i gn i f i ­

cance and'i s det ermined by the relat ive s amp l ing rat i o s  o f  the cro s s ­

ing inventory and the a cc i dent data base  in the work in g data s e t , 

i . e . , data  s e t  A .  I t  i s  on ly al t hat i s  of  s ign i f ic ance . The e qua ­

t ion i s  equival ent to  

h = C e 2 logl O e al loge (C . T + 0 . 2 ) 
1 

= C1 (C . T + 0 . 2 ) C2 

where Cl and C2 are cons tant s .  C2 = 1 woul d g ive e s s en t i a l ly t he 

New Hampshire formula . C2 = . 1 8 woul d g ive a formul a  very s i mi l a r  

t o  the Peabody- Dimmi ck formul a .  The va lue C2 det e rmine d here i s  

approximate ly 0 . 44. A s  can be determined from the corre sponding 
I

Mengert , P . , Op e C i t . 2 5 



TAB LE 5 - 2 . EXPOSURE FORMULA FOR CROSSBUCKS , FLASHI N G  LI GHTS , 
AND GATES ( UNNORMALI ZE D) * 

h = e 2y 

y = ao + al l o g l O ( C  . T + 0.2 ) 

CROSSBUCKS : 

a* 0 
= - 2 . 7 15 1  al 

= 0 . 5 0 6 9  

FLASH I NG LI GHTS : 

a* = - 3 . 42 9 7  al 
= 0 . 5 7 0 2  0 

GATES : 

a* = - 3 .3 2 30 al 
= 0.47 6 0  0 

*Since t hese  formul as are norm al i ze d  for  the  s amp l ed d at a  base  and 
not t he n at ional experience these values o f  aO should no t be used 
for t rue norma l i zat ion . Se e Sec . 5 . 5  b e l o w  for norma l i z at ion 
inform at i on .  

�alues for other w arn ing device  c l as s es b e l ow , the exponen t shou ld 

b e  b e t ween . 4  and . 5  for a l l w arn ing devi ce c l as s es . 

5 . 2 . 2  Cros sbucks Vol ume E q uati on 

To s imp l i fy the s e arch fo r the b e s t  equat ion , i t  was dec i de d  

t o  us e t h i s  s impl e s t  e xpos ure equat i on as a b as i s  and t o  determine , 

us ing a s e lection re gre ss ion , whi ch o ther vo lume var i ab l e s  wo uld 

poten t i al ly c on tribut e mos t  i f  inc l uded in  the equat ion. The 

s e l e ct i on regress ion i s  for jus t s uch a purpos e as de s c r ibed in the 

Mengert report . l I t  t ake s , as inp ut , a b as i c equ at ion spec i fi c a­

t ion and a l i s t  of  v ar i ab l es t o  b e  t e s t ed and then s e l e c t s  those 

th at wi l l  potent i al ly cont rib ut e  the mos t  predict i on po wer when 

1 Meng ert , P . , Op e Ci t .  
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inc lud ed wi th the b as i c  equ at i on into a c ompreh ens ive equ at i on to 

b e  c al ibr at ed by i ter at ive non - l in e ar regres s i on .  

The vari ab l es us ed in the s el ec t i on regres s i on were : 

1 0g1 0 (T + 0 .2 )  

1 0g1 0 ( C  + 0 .2 )  

1 0g l O ( C  + 0 . 2 ) . 1 0gl O (T + 0 . 2 ) 

( 1 0g l 0 (T  + 0 .2 ) ) 2 

( l o g  1 0  ( C  + 0 . 2 ) ) 2 

The var i ab l es s e l ected on the b as i s  of  t val ues gre at er than 4 were 

2 1 0g1 0 (T + 0 . 2 ) , 1 0g1 0  ( C  + 0 . 2 )  and ( lo gl O (T  + 0 . 2 ) ) . (See T ab l e  

5 -3.) 

A vo lume equat ion of  the form : 

+ a3 ( 10g l O (T + 0.2 ) ) 2 

was c al ib r at e d  us in g  i terat ive non - l ine ar re gres s ion. The resul t in g  

coe ffi c i en t s  are shown i n  Tab l e  5 - 4 . Again it shoul d be po int e d  

out th at the coe ff i c i ent aO i s  of  n o  s i gn i fi c ance . 

Power factors an d predict ion factors we re produce d us ing the 

s impl e  e xposure equat ion and the more comp l ex vo lume equat ion . 

These power f actors and pre di ct ion f act ors were determin ed us ing 

both d at a  set A an d d at a  set B (both l imi ted to sub s e t  cros sbuc ks 

as the c ros sbucks e qu at ion s are being test ed) . The re sul t s  are in 

T ab l e s  5- 5 and 5 - 6 . ( Re fer t o  Expo sure Equat i on and Vo lume 

Equat i on on ly . ) 

I t  i s  seen that the power factors an d predict ion facto rs are 

s omewh at better for the more compl ex vol ume equat ion than for th e 

more s impl e  e xpo sure equat ion . The resul t s  on dat a  s e t  A do not 

2 7  



TABLE 5 - 3 .  VARI ABLES CONSI DE RE D  FO R VOLUME EQ UAT I ONS 

( Cro s s buck s , Fl ash ing Light s ,  and Gat e s )  ( Us e d  in a s e l ect i on regr e s ­

s ion b as e d  o n  the expo sure equ at ion ) 

10g10 ( C  + 0 . 2 ) *  

10 9 1 0 (T + 0 . 2 ) * 

l o g  1 0 ( C  + O . 2 ) . l o g  10 (T + O . 2 ) 

( lo gl O ( C  + 0 . 2 ) ) 2 

2 *  * *  ( l og l O (T  + 0 . 2 ) , 

*Var 1ables s e l ected for cro ssbucks vo l ume equat ion . 
* *This  v ari ab l e  used in cro s sbucks c ase on ly . 

TABLE 5 - 4 .  VOLlThffi EQUATI ON FOR CROSSBUCKS 

h = e 2y  

y = aO + all cg l O ( C  + 0 . 2 ) + a2 1 0g 10 (T + 0 . 2 )  

+ a3 ( 10gl 0  (T + 0 . 2 ) ) 2 

a* 0 
= -2 . 7 9 8 9 

al = 0 . 4 5 8 7  

a2 = 0 . 8 138 

a3 = -0 .0 6 11 

*Note t hat ao doe s not refer to n at iona l exper ience and so must not 
be used as true norma l i zat ion (See Sect ion 5 . 5 ) 
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count as much as tho s e  on data s e t  B ,  s ince th e equ ations ar e cal i ­

brat ed o n  data s e t  A ,  and the more comp l ex equa t ion having more 

degrees of freedom wi l l  perform bet ter on that da ta  s e t  for that 

reason a lone . The res ul t s  on data s e t  B ,  however , sugge s t  that the 

vol ume equa t i on is s l i ght l y  s uperior in performan ce to  the expo s ure 

e quat ion .  However , i t  was dec ide d that the expos ure equa t i on s houl d 

form t he bas i s  o f  the further deve lopment o f  the c omprehen s ive 

formul a .  Th is  dec i s ion wa s b a s e d  o n  the fol l owing con s i dera t i on s . 

1 .  The s impl i c i t y  of  the expos ure e quat ion wi l l  enhan ce i t s  u s e ­

abi l i t y  an d perhaps i t s  ready a c cept ance b y  t he commun i t y  o f  

users . 

2 .  A more compl ex TS C vol ume equa t i on i s  a lready ava i l ab l e . 

3 .  When worked int o  a comprehens ive e quat ion an y s l i ght short ­

comings wi l l  be part ia l l y  compen sated fo r .  In other wnrds , 

a comprehen s ive equat ion based on the expo s ure e quat ion s houl d 

b e  more nearl y equiva l ent ( in power factors and predi ct ion 

factors)  
"
t o  one based on the vo l ume equat i on than the bas ic 

equat ion s  are to  each other .  

4 .  When the comprehen s ive mo del i s  used  a s  the ba s i s  o f  an accident 

h i s tory e quat ion , s l i ght d i fferences in per formance charact eri s ­

t ics o f  the bas ic  e qua t i on are nearl y ob l it erated . Thi s  e ffect  

i s  drama t i c  and i s  i l lustrated in Part I I .  

Thi s  i s  perhap s the most forceful reas on . 

5 . Expo sure equat ions were found to  be a s  good a s  more comp l ex vo l ­

ume equa t ions for f l ashing l i ghts and gates (see  5 . 3 . 1  and 5 . 4 ) . 

6 . A s impl e r  equat ion ha s a natural pre s umpt ive trans ferab i l i ty 

advant age . I t  ma y be pre s ume d that i t  wi l l  wi ths tand chan ge s  

i n  t he under lyin g  condi t ion s t o  which i t  appl i e s  (pa s s a ge o f  
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t ime , spec i a l i z a t i on o f  re g i on o f  appl i c ab i l i t y  to  one s t ate , 

e tc . ) more readi l y  becaus e  i t  i s  l es s  speci f i ca l l y  c a l ibrated 

t o  t he data base at  han d .  B ecaus e the data bases  are l ar ge 

and the equation s impl e , t h i s  may not b e  a large e ffect . 

For t he above s tated rea s on s ,  the expo s ure equat ion was us e d  as 

the bas i s  for further deve lopment of a comprehen s i ve equat ion for 

t he c ro s sbucks case . 

5 . 2 . 3 Cro s sbuck Ca se  Comprehen s ive E quat ion 

The var iabl es  which were cons i dered for in cl us ion in the 

cros sbucks comprehens ive equat ion are shown in Tab l e  5 - 7 . A 

s el e ct i on re gre s s i on was run us ing the e xpos ure equa t i on de scr ibed 

above as the ba s is .  The variab l e s  t hat were cho sen b y  the s e l e ct ion 

regre s s ion are shown in Tab l e  5 - 8 .  (The y are re ferred t o  there a s  

Xl ' X 2 , X 3 , X4, X5 and X6 ·) Al l t va lues were o ver 4 ,  ind i cat ing 

a st rong stat i s t ic a l  l ikel ihood that the var i ab l e s  wil l make a 

s igni fi cant improvement in  t he pred ict ive power o f  t he equat ion 

when comb ined w i th t he bas ic  expo s ure equat ion . 

TAB LE 5 -7 .  NON- VOLUME VARIAB LES CONSIDERE D  FOR COMPRE�ENS IVE 
E QUATIONS 

( Cros sbucks , F l ash ing L i ghts , and Gates ) (Variab l es used in s el ec ­
t ion r egress i on b as ed o n  the exposure equation . )  

Number o f  main t ra cks 

Is hi ghway pave d? 

Number o f  h i ghwa y  l anes 

Popul at i on 

H i ghwa y t ype 

Da y thru trains 

Min imum cro s s ing ang l e  

Max t imet ab l e  speed 
Nearb y intersect ing h i ghllla y 
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TABLE 5 -8 .  COMPREHENSIVE E QUATION FOR CROSSBUCKS ( UNNORMALIZE D) 

h = e 2y 

where , 

x = 

xl 
= 

x2 
= 

x3 = 

X4 
= 

Xs = 

x6 
= 

a* 
0 

= 

a = 

a l 
= 

a 2 
= 

a 3 = 

a 4 = 

a s = 

a6 
= 

logl O ( C·T + 0 . 2) 
l o glO ( D  + 0 . 2) 

Highwa y Paved? (Y= l ,  N= 2) 

Popul at ion ( l O 's di git o f  fun ct ional clas s i ficat ion 

o f  road) 

'-fax t r a in s peed 

Number o f  ma in · t r acks 

Hi ghwa y t ype (un i t s  di g i t  o f  func t ional c l as s i ficat i on 

o f  road) 

2 . 0 0 3  

0 . 3 8 3 9  

0 . 1 5 38 

- 0 . 30 8 0  

0 . 0 5 1 1  

0 . 0 0 39 

0 . 1 0 4 7  

0. 0 5 0 0  

*Note t hat norma l i zat ion shoul d be al tered as expl a ined in Sec . 5 . 3 . 
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The var i ab l es that were chosen us ing the s e l ect ion regre s s i on 

w ere then us ed to form a " comprehens i ve equa t i on" fo r the c ro s s -

bucks ca se.  Th e form o f  a comprehens ive equat ion is  

h = e Zy, 

where 

y = aX + aO + a l Xl 
+a ZXZ + • • • • 

and where X i s  the l o g  ( e xposure ) ,  i . e . , X = 1 0g10 ( C  • T + O .Z) , 

a , aO ,a l , . • . are con s t an t s  to  be c a l ibrate d  and Xl ' Xz . • 0 ,  

are the non - vo l ume variabl es , i . e . , t he vari abl e s ,  l is te d  in Tab l e  

5 - 8 .  The c on s t an t s  a O ,al , aZ' are determ ined b y  i terated non - l inear 

r egre s s ion .  The result ing equa t i on is exhib i ted in Tab l e  5 -8 . 

The power fa ctors and pre di ct ion factors for th i s  equat i on are 

exhib i t e d  in Tabl e s  5 - 5  an d 5 -6 whi ch re fer to  data set A and 

data s e t  B respect ive l y .  The re s ul t s  on dat a s e t  B are perhaps 

more rel i ab l e  as the e quat ion wa s c a l ibra t e d  on dat a set A. The 

equat ion exhib ited in Tab le  5 -8, i s ,  except for norma l i zat ion (see 

Se c .  5 . 5 ) the final comprehens i ve cros sbucks equat ion de ve loped 

during this  pha s e ,  and its  per formance on a larger data s e t ,  the 

ent i re inventory  and a l l  1 9 7 8 acc i dent s ,  i s  examined in Sec t ion 4 

togethe r  with a compari s on with the performance o f  the earl ier com­

prehens i ve equat ion .
l 

5 . 3  FLASHING LIGH TS EQUATI ONS 

5 . 3 . 1  Flashing L i ghts Expo sure Equa t i ons 

The devel opmen t was s imi l ar to  the c ro s sbucks ca s e . Firs t 

a s impl e  expo sure e quat i on was con s t ructed, i . e . ,  one o f  the form : 

h = e2 y 
I
Men ger t ,  P . , Op e Ci t .  
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where 

and 

x = 1 0g 1 0 ( C  • T + 0 . 2 ) . 

The result s are gi ven in Tabl e  5 - 2 . Again notice t ha t  a O 

s hould not be regarded a s  havin g  genera l i z ab l e  s i gn i fi cance as 

i t  i s  determined by t he s ampl ing rat io  of a cc ident records to : 

cro s s ing records in t he data set . Next a s e l ect ion regre s s ion wa s 

run to  t es t  i f  any vo l ume var i ab l e s  had poten t i a l  t o  improve t he 

e quat ion when added to  t he e xposure t erm X .  The vari ab l e  l i s t  

for t hi s  s e l ect ion regress i on i s  g iven i n  Tabl e  5 - 3. The re s ult  

of  t he sel ect ion regre s s ion was t hat no vo lume vari ab l e  was 

s el ected . The var iable " l o g  train s "  was t he var iab l e  c ho s en as o f  

mo s t  potent i a l  contribut ion t o  a voluue e quat ion on t he ba s i s  o f  t 

value but i t s  t val ue was 1 . 1 5 ,  ent ire l y  t oo sma l l  for con s i derat ion . 

There fore , no vol ume equa t i on of  more comp l exi t y  t han t he s imp l e  

expos ure equat ion was con s t ruct e d .  The compre hen s ive e quat ion woul d 

b e  based on t he s amp l e  expos ure e quat ion onl y .  

5 . 3 . 2  Flas hing Li g ht s  'Compre hens i ve E quat ions 

The l i s t  of  non - vo l ume var i ab l es to b e  con s i de red for in c l u ­

s ion i n  t he compre hen s ive equat ion for fl as hing l i ght s is  given in 

Tab l e  5 -7 .  The variab les whi c h  had t va l ue s  greater t han 4 . 0  were 

c ho s en for incl usion in t he comprehens ive equa t i on . Wi t h  t he s e  

var i abl es , a comprehens ive f l a s hing l i g ht s  e quat ion was ca l ibrated 

us ing i t e rated non-l inear regre s s i on .  The re sul t s  are g iven in 

Tab l e  5 -9 ( a ga in no s i gn i fi cance s houl d be attached to t he val ue 

o f  ao ) .  
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TABLE 5 -9 .  COMPREHENS I VE EQUATION FOR FLASHING LIGHTS (UNNORMALIZ ED) 

where 

x = l o gl O ( C  . T + 0 . 2 ) 

xl 
= l o g l O ( D  + 0 . 2 )  

x2 
= number o f  main tracks  

x3 
= number o f  highway l anes 

x4 
= popul a tion (see Sec . 2 for code ) , 

and 

a * 
0 

= - 2 . 64 7  

a = 0 . 34 00 

a l 
= 0 . 0 54 1  

a2 
= 0 . 0 54 4  

a 3 
= 0 . 0 6 9 0  

a4 
= 0 . 0 2 0 3  

*Note t hat  norma l i zation shoul d be a l tered a s  exp l a in ed in Sec .  5 . S. 
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The predi ct ion factors and powe r factors for this  equa t i on 

using data s e t  A and dat a  s e t  B ,  are shown in Tabl es 5 - 1 0 and 5 - 1 1  

resp ect ively. The predict i on factors and power factors  for the 

flashing l ight s expo s ure e quat ion a re given in tho s e  tab l es for 

c ompar i s on. Compar i s on s  o f  the performance o f  t he flas hing l i gh t s  

comprehen s ive equat i on a r e  given in S ec t i on 4 .  See Sect ion 5 .5 

b e l ow for equat i on normal i za t i on .  

5 . 4  AUTOMATIC GATES E QUATIONS 

The devel opment o f  an exposure equa t ion and a comprehen s ive 

equat ion for gates was exact l y  ana logous to the fl ashing l i gh t s  

case . A s impl e  expos ure e quat ion was deve loped and through t he 

u se o f  a s e l ect ion regre s s ion u s ing vo lume var iab l e s , the expo sure 

equat ion was deemed adequat e .  The expos ure equat ion was (See Tab l e  

5 - 2  ) h = e 2 Y , where Y = ao + AlX ,  with X = log1 0 (C . T + 0 . 2 ) and 

in this  case aO = - 3 . 3 2 3  and a1 = 0 . 4 76 0  (aga in note that aO 

has no s igni ficance in general be ing a re sult  o f  the s amp l ing 

rat io ) . The power factors and predict ion factors for this  equa­

t ion are given in Tab le  5 - 1 2 . 

Us ing the e xposure equat ion a s  the bas i s ,  a s e lect i on regre s � 

s i on wa s run , us ing the var i ab l es in Tab l e  5 -7 .  

On ly the var iab l e "numb er o f  main track s " ,  was s e l ec t ed for 

inc l us ion in t he comprehen s ive equat ion . When the equat ion wa s 

produc e d  on dat a  set A and compared (using 1 9 7 8  acci den t s )  wi th the 

gate equat ion from the Meng ert report , ! i t  had s omewhat poorer 

per formance .  The appar ent reason was that th e data s e t  for gates 

wa s too smal l for good accuracy . The decis i on was to use both th e 

IMen ger t ,  P . , Op . Ci t .  
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TAB LE 5 - 1 0 .  POWER FACTORS AND PRE DI CT I ON FACTORS FOR F.LASHI�G 
L I GHTS E QUATI ONS ON DATA SET A 

Percent 
o f  . Exposure Equat ions Comp rehen s i ve Equat ions 

Cro s s ings Pow . Fac . Pre . Fac . P ow . Fac . Pre . Fac . 

0 .5 5 . 0 4  . 7 7 7 .8 7  1 .5 3  

1 . 0  4.41 . 7 8 6.1 8  1 . 42 

2 . 0 4 . 3 8  .9 0 5 . 7 5 1 .  5 3  

3 . 0 4 . 7 5  1 .0 7  5 .11 1 . 48 

5 .0 4.0 0  1 .  0 2  3 .9 7  1 .  2 9  

1 0 .0 3 .0 7  .9 6 3.2 3  1 .2 4  

TABLE 5 - 1 1 . POWER FACTORS AND P REDI CTI ON FACTORS FOR FLASH I N G  
L I GHTS E QUATI ONS ON DATA SET B 

Percent 
of Expo s ure Equat ions Comprehen s i ve Equat ions 

Cro s s ings  Pow . Fac . Pre . Fac . Pow . Fa c .  Pre . Fac . 

0.5 4.8 1 0 .7 2  5 .5 0  1 .  0 6  

1 . 0  4.1 2 0 .7 1  5.1 5  1 . 1 4 

2 . 0  4.2 9 0 .86 5 .0 7  1 . 2 9  

3 . 0  4.1 8  0 . 9 2 4. 6 7  1 .  31 

5.0 3.9 7  1 .  00 3.8 5  1 .  2 1  

1 0 .0 3.2 4 1 .0 0  3 . 40 1 . 33 
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TABLE 5 - 1 2 . POWER FACTORS AN D  PREDI CTI ON FACTORS FOR GATES 
EXPOSURE E QUAT IONS ON DATA SET B 

Percent 
o f  Expos ure Equat ions 

Cro s s ings Pow . Fac .  Pre . Fac . 

0 . 5  1 . 8 7 0 . 4 3 

1 . 0  2 . 34 0 . 5 9 

2 . 0  3 . 0 4  0 . 8 5 

3 . 0 3 . 5 8  1 .  0 7  

5 . 0 3 . 2 2 1 .  0 8  

1 0 . 0 2 . 66 1 . 0 4  

The s e  var i ab le s  we re the non - vo lume var iab l e s  i n  the p revious 

equa t i on . l The resu l t ing comprehens ive equation is g iven in 

T ab l e  5 - 1 3 .  I ts performance is examined in Section 4 .  

1 

TABLE 5 - 1 3 .  CO}WREHENS IVE E QUATI ON FOR GATES 

where 

x = 1 0gl O ( C  . T + 0 . 2 ) 

xl = number o f  main tracks 

x2 = numb e r  of  h i ghwa y l anes  

and 

a D = -3 . 2 0 9 6  

a = . 3 5 8 8  

a l = . 1 4 5 6 

a 2 = . 0 51 8 

Meng ert , P . , Op e Ci t . , p .  B - 7 .  
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variab l e , "numb er o f  main tracks , "  and the var i ab l e , "number of  

hi ghwa y l anes . "  

5 . 5  NORMALIZATION OF THE E QUATIONS 

S ince in each e quat i on the val ue of a O was not appropr i at e  to  

the fu l l  n a t i on a l  s ampl e  (but was a rt i f ica1 1 y  contro l l ed for ef­

fi cien c y  in equat i on cal ibrat ion ) , it  was nece s s ar y  t o  determine 

a O b y  norma l i zat ion . The year 1 9 7 7  was chos en for norma l i z at i on .  

The va lue o f  a O ' fo r each comprehens ive e quat i on was cho s en s o  that 

the s um o f  the accident predi ct ion fo rmul a val ue s , h ,  s ummed over 

a ll cross ings  in each maj or cat egory ( t here were three maj or 

c at e gor i es )  woul d equa l the tot a l  n umber o f  acci dents dur in g that 

year ( 1 9 7 7 )  at  t ho s e  cros s ings . Incorporat ing tho s e  va lues in the 

equat ion s  leads to  the fo l l owing final comprehens ive equat ion s hown 

in Sect ion 2 .  

Approximat e norma l i zat ions for the int ermediate equat ions 

deve loped and de scribed in this s e ct ion can be  det ermin ed from 

t he s ampl ing r a t i o s . The equat ions reported on ma y then be us ed 

with the a O val ue s  g iven provided they are mul t ipl ied by the 

norma l i zat ion factors g i ven in Tab l e  5 -1 4 . The s e  equat ions are 

not b e ing proposed  fo r general us e ;  but for comp l etenes s ,  the 

norma l i z in g  factors are ca lcul at e d .  Not e  that the normal i z ing 

factor in each c as e  i s  cal cul ated from numb ers g iven in Tab le 5 -1 .  

The rul e i s : 

hcorre cted = hData Set Ar 

where r i s  the norma l i zing factor in Tab l e  5 -1 4  and r i s  given b y  

r = (:�)I\ :�) . 
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wh ere NA 
= number o f  acci dents in 1 9 7 6  occurring at  cros s i ngs of  

the  g i ven warning de vi c e  c l as s 

NC = numb er o f  records correspond ing to  the g i ven warning 

devi c e  c l as s  in the 1 9 7 6 inventory 

nA = number o f  accident records for the g i ven warning 

devi c e  c l as s  in  Da t a  Set A 

nc 
= numb er o f  cro s s ing (non-acci dent )  r ecords for the 

g i ven warn ing devi ce c l as s  in Data Set A .  

TABLE 5 -1 4 .  NORMALI ZATI ON FACTORS FOR E QUATI ONS DEVELOPE D ON DATA 
S E T  A 

hcorrect ed 
= r • huncorre cted 

CROSSB UCKS : 

r = 
5 6 39 
TiPIT . 2 8 2 2 9 6 

I�I , �77 = . 4 62  

FLASHING LI GHTS : 

384 2 1 3 2 5 8 8  . 8 8 0  r = !i4i 
. 

33 , 959 
= 

GATES : 

r = 
9 2 9  3 5 9 5  

= . 6 5 3  4Ti . II , 9S3 
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6 .  CONCL US IONS 

The new acc ident pred ict ion formu l a , d e ve loped with 1 9 7 6  

acc ident data ins tead o f  1 9 7 5  accident data , has e s s ent i a l ly the 

s ame accuracy as the o ld , mo re compl icated formu l a . l 

Us ing expo s ure as the vo lume var i ab le  has pro ven succe s s ful . The 

non-vo lume var i ab le s are qui t e  s im i l ar to  those  in the o ld fo rmu l a . 

The on ly new vari ab l e  i s  maximum t imetab le  train speed , which 

enters into the e quat ion for pas s i ve cros s ings . The only d e l e t ion 

i s  "hi ghway type " whi ch drops out of t he f l ashing l i gh t  e quat ion . 

Add ing acc ident hi s tory t o  the formul a a l s o  produce s the s ame 

accuracy as add ing acc ident h i s t o ry to the o l d  formula . 

Al though expo sure with non-vo lume t e rms produces a formul a  

with t h e  s ame accuracy as t h e  o l d  formu l a , t h e  resul t s  show t hat 

the expo sure formu l a  i t se l f ,  without non-vo lume t e rms , is  s omewhat 

l e s s  accurate for cros sbuck cro s s i ngs  than a more genera l volume 

formul a  by i ts e l f .  

Overa l l , the integrity o f  t he o ld formu l a  has been corrobora ­

ted . The only advantage of  the new formul a  i s  s impl ic ity . 

IMengert , P . , Op . Ci t . , P .  B-7 . 
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P art II - Acc ident Predi cti on Formu l a  wi th Acc ident H i s tory 

; 
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7 .  I NTRODUCTI ON 

A new ac c ident pre d ic t i on formula has been deve l oped which 

us es  accident hi s tory a s  an expl i c i t  factor . With this new 

formu l a , the predicted accident rate at any g iven cro s s ing is a 

we i ghted sum o f  the bas i c  pre d icted accident rate and the 

obs erved acc i dent rate . The "bas i c  predicted acc i dent r a t e "  i s  

the val ue cal cul ated by the formu l a  witho ut acc i dent h i s tory . l 

The we i ght s are funct i ons o f  thi s bas i c  predi cted accident rat e . 

Sect ion 8 ,  9 ,  and 1 0  g ive the r es u l ts of  the ana lys i s  and the 

computer cal cul a t i ons . Thi s  con s i s t s  of a search fo r the opt imum 

coeff i ci ent s ,  t he ca lcul a t i on o f  the pe rformance of  the new 

formu l a ,  and t ab l e s  for conveni ent and qui ck calculat ions . 

Section 5 d i scus s e s  the derivat ion of  t he acc i dent h i s tory 

equat ion . Thi s  der ivat i on i s  based upon B ayes i an t heory , and 

assumes t hat the acc i dent rate at a cro s s ing i s  a random var i ab l e  

sat i s fying a gamma di s tribut ion . The quant i ty of  interes t ,  

predicted acc i dent frequency , i s  then the expected value o f  this  

var iab l e ,  and the expectation that is  condit ional on the numb er 

of acci dent s obs erved in any g iven t ime p eriod  i s  calcu l ated . 

lMengert , P . , Op . Ci t . , p .  B - 7 
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8 .  SEARCH FOR OPT IMUM to 

The acc ident pred i c tion formula with acc ident h i s tory in­

c l ude d a s  an  expl icit  factor i s  der ived in Sect ion 5. The re sul t 

i s  

where : h = Bas i c  acc i dent pred i ct ion formula which doe s  not 

use acci dent h i st ory . C a l culated val ue s  are predicted 

accidents per year . 

t = Number of  years o f  acc i dent h i s t ory . Need not be an 

integer . 

n = number o f  acciden t s  in t years . 

H = Corrected v a lue of pr edict ed ac c i dents per year with 

n accidents in t years . 

The quant ity to i s  a funct ion of h and i s  of  the form 

t = A/ (B+h) . The paramet ers A and B were determ ined by an o 

exhaust ive t ri a l - and - error s e arch , w it h  power fac tors and pre -

dict ion factors  being the criteria of  performance . The basic  

acc ident predict ion formu la h,  wit hout acci den t history , i s  the 
1 one derived by Mengert using 1 9 7 5  ac ciden t data . 

Tab l es 8 - 1 through 8 - 5  show the resu l ts o f  thi s s e arch fo r 

di ffer ent values of A and B .  Tab l e  8 - 1  gives the res u l t s  fo r cros s ­

buck cro s s ings (warning device c l a s s  4 ) , whi ch use s  the pas s ive 

1 Mengert , Op e C i t . , p .  B - 7  
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equat i on of  t he acc ident pred i c t i on formula for determining h .  

Because o f  the l arge amount o f  compute r  t ime invo lved in the s e  

calculat i ons , a 2 5  percent s ampl e  o f  the cro s s ings (with 1 0 0 

percent of  acci dent s )  was us e d .  The August 1 9 7 6  inventory was 

used . The se  resul t s  are ava i lab l e  for increment s o f  0 . 2 5  percent 

o f  cro s s ings , but the 7 value s  of  p ercent of  cro s s ings g iven in 

t he tabl e s  are repres entat i ve of  all the resul t s . Thi s  trial ­

and - error search i s  based mainly on one year o f  accident h i s tory ,  

al though two computat ions were made for two years a s  s e en in the 

bottom two l ines of  the t ab I e . 

Tab les  8 - 2 an d 8 - 3  ar e s imi l ar to  Tab l e  8 - 1 ,  but the former 

is for flashing l i ght cro s s ings (Warning Devi ce C l as s  7) and the 

l atter is for gate cros s in gs (Warning Device  Class  8 ) . The 

va lues of h are determined by the c orresponding equati ons of the 

acci dent pred ict ion formula . Since the s e  s e ts o f  cros s ings are 

much sma l l er than the cros sbuck cro s s ings , 5 0  p ercent s amp les of 

the cros s ings (w ith 1 0 0  p ercen t of the acc idents ) were used . 

Tab l e  8 - 4 uses the May 1 9 7 8  inventory and app l i es to a l l  

cros sbuck cros s i ngs , al l flashing l i ght cro s sing s , and al l gate 

cro s s ing s ,  r espect ive ly .  Thi s  tab l e  compares A = 0 . 7 ,  B = 0 . 0 5  

w it h  A = 1 . 0 , B = 0 . 0 5 .  

Tab l e  8 - 5 appl i e s  t o  the ent i r e  May 1 9 7 8  inventory , cons i s t ­

ing o f  a l l  ej ght warning device c l a s s es . In  ev aluat ing these  r e ­

sults , i t  app ears that p er fo rmance i s  r e l a t ively ins ens i t ive 

to  values o f  A and B .  Upon c l o s e  s crut iny , i t  was dec ided that 

the cas es  A = 0 . 7 ,  B = 0 . 0 5  and A = 1 . 0 , B = 0 . 0 5 were the be s t ,  

5 0  



overa ll . Thi s  i s  based on a comparison o f  these data us ing a 

cons iderable amount of  j udgment .  Tab l e s  8 - 4  and 8 - 5  show that 

the s e  two cas es  are qu i t e  clos e when us ing a l l  the cross ings . 

Perhaps A = 0 . 7 ,  B = 0 . 0 5 i s  s l ight ly b e t ter in powe r factors for 

sma l l  p ercentages of cross ings , but A = 1 . 0 ,  B = 0 . 0 5 is s l i gh t ly 

better in power fac tors  for h i gher percentages o f  cro s s ing s and 

is s l i ght ly b e t t er overall  in pred ict ion factors . The conclu ­

s i on i s  that the cas e A = 1 . 0 ,  B = 0 . 0 5 g ives the b e s t  r es u l t s , 

but no t by a wide marg in . 

I t  i s  importan t  t o  not e  that A = 1 . 0 , B = 0 . 0 5  i s  considered 

the b e s t  mod e l  for a l l  three groups of cro s s ings . I t  m i ght have 

been expec ted that d i ffe rent accident history model s  wou l d  b e  

b e s t  - one for e ach of  the three equa t ions in  the acc i dent pre ­

d i ct ion formu l a .  Of cours e ,  cons i derab l e  s impl ic i ty i s  a ch i eved 

by having to  work with only one acc ident h i s tory mode l . 

Comp aring Tab l e  8 - 4  with Tab l e  8 - 5  provide s  an examp le  of  the 

interes ting phenomenon of comb ined c l as s es g ivin g be t te r  p ower 

fac tors than any of  the individua l c l as s es of cros s ings . Th is  

phenomenon i s  discus s e d  in Sect i on 4 .  
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9 .  PERFORMANCE AS A FUNCT I ON OF t 

The performanc e of  the acc i dent h i s tory acc i dent predict ion 

fo rmu l a  i s  g iven in Tab l e  9 - 1  as a fun ct i on o f  p ercent of  cros s ­

ings and number o f  years o f  acc iden t  h i s tory ( t ) , with to = 1 . 0 / 

(0 . 0 5 + h) . The s ame reu s l ts for power fa ctors are s hown graphi ­

c a l ly in F i gure 9 - 1 .  At his wr i t ing (May 1 9 8 0 )  on ly four years 

of acc i dent h i s tory are ava i l ab l e . S ince one ye ar i s  needed for 

t e s t ing , the resul t s  are g iven for t = 0 ,  1 ,  2 ,  3 .  

The power factors are s e en to increase w i th t a s  expected . 

The greatest  amount o f  improvement i s  from t = 0 to  t = 1 ,  with 

d iminishing increment s  of  improvement occurring for h i gher va l ues 

of t .  At 0 . 2 5 percent of  cros s ings , for t = 1 the incr ease i s  7 1  

p ercent whereas for t = 3 the increas e goes up on ly t o  8 4  percen t . 

For t > 3 ,  i t  would appear that accident h i s tory contr ibutes  

progre s s ively smal l er amoun t s  o f  informa t i on in determining 

re l at ive accident rates . Thi s  conj ecture c ou l d  be t e s t ed when 

future acc ident dat a becomes avai l ab l e .  Acc i dent h i s tory i s  mo s t  

e ffect ive for smal l va l ues o f  percent o f  cro s s ing s - which means 

it is mo s t  e ffe ct ive for the h i gh acc ident rate cros s ing s . Thi s  

i s  s een by t h e  increase  i n  power factor e xpre s sed as  a percent ­

age increase  over the case t = O . The percentage increase  i s  

a monotonic  decreas ing funct i on o f  percent o f  the cro s s ing s . For 

t = 1 ,  at 0 . 2 5  p ercent of cros s ings the increase is  71 p ercent , 

wherea s  a t  1 0  percent o f  cro s s ing s the increa s e  drops to only 

8 percent . 
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Y EARS OF ACC I DENT H I STORY ( t ) 

NOTE : The percentages a bove the curves a re percentages of cros s i ngs 

F I GURE 9 - 1 .  IMPROVEMENT DUE TO ACC I DENT H I STORY 
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The p red ict ion factors s how a s i gn i f icant improvement for 

t = 1 but no improvement for h i gher val ue s  o f  t .  The percentage 

improvement o f  pred ict ion factor i s  a l s o  greatest  for sma l l  value s 

o f  perc ent o f  cro s s ings . 

One cavea t  mus t  be  noted in pre s ent ing the s e  power factor 

and pred i ct ion factor performance results . No a l lowance has been 

made for cro s s ings having been upgraded s ince January 1 9 7 5 . 

In  such a case , the formul a  should ide a l ly use t and n that app ly 

s inc e the  up grade . However ,  the good performance obta ined here 

is val id even though the formul a  is  used in this  l es s - t han -perfect 

manner . The reason for not incorporat ing up grade s i tuat ions i s  

s imp ly due t o  data proce s s ing expediency . I f  upgrade s are taken 

into account and the formu l a  correct ly used , an improved p e r ­

formance could b e  conj ectured . I t  i s  expected that thi s add i ­

t iona l  performance wi l l  b e  determined i n  the near future a s  up ­

grade dates are inco rporated into the TSC data f i le s . 
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1 0 . ACC I DENT H I STORY TABLES 

To determine the predicted number o f  acc ident s per year for 

any g iven cros s ing , Tab l es 1 0 - 1  through 1 0 - 4 can be conven i ently 

u s ed ins t ead of  the formul a .  Thi s  i s  a two - d imen s i onal tab l e  wh ich 

g ive s the predicted acc i dent rate H for any g iven value o f  h 

det ermined w ithout acc ident h i s tory , and for any number o f  acc i ­

dent s n ,  with t given . The s e  four tab l e s  are for t = 1 ,  2 ,  3 ,  4 ,  

respect i ve ly .  I f  t cont a ins a frac t ion , the H could be int e r ­

p o l ated from t he tab l e s , or t h e  formul a  cou ld be u s e d  d irect ly . 

In  a l l  probab i l i ty , i t  would be s ens ible  t o  use  al l the acc ident 

h i s t ory ava i l ab le , and at this  wr it ing (May 1 9 8 0 )  four years are 

ava i l ab l e . However , there may be cases  where l e s s  than four 

years of acc ident h i s tory i s  known or where it i s  adv i s ab l e  to 

use l e s s  than four years s uch as for a recent warning dev ice 

upgrade . 

The va lue s  o f  h and n are l i s t e d  at the left and top o f  the 

tabl es , respect ive ly . Thus , i f  h = 0 . 0 5  and n = 5 ,  w it h  t = 4 ,  the 

acc ident pred ict ion index is H = 0 . 3 9 3 .  Note that the fo l lowing 

propert i e s  show the interre l at ions h ip of  H ,  h ,  and nIt : 

H < h fo r h > nIt , 

H > h fo r h < nI t ,  

H = h for h = n I t . 

No te a l s o  that H fo r n = 0 i s  not the same as h .  I n  fact H < h 

for pos i t ive b ,  n = o .  
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1 1 .  DERIVAT ION OF THE FORM OF THE ACCI DENT H I STORY EQUATI ON 

I t  i s  we l l  to  review here and to  expand upon the d i s cu s s ion 

of  the acc ident - h i s tory - based acc i dent pred ict ion formu l a . l 

The ba s ic form for acc ident - h i s tory -based ha z ard indexes wi l l , 

as  in the Mengert repo rt , be : 

to H = h t + t o 

where : 

+ n ___ t
�_ 

t t + t o 
Equat ion I 

(a ) h i s  the non - hi s tory (or bas ic ) pred icted acc ident rate as 

deve l oped in the Mengert report or as improved in P art  I of  

th i s  report . The qu an t i ty h i s  a functi on of  cros s ing 

character i s t i c s  (but not o f  acc ident h i s tory )  and g ives the 

expected accident frequency cond i t ion a l  on cro s s ing 

characteris t ic s  as reported in t he cro s s ing inventory but 

not cond i t ional on prev ious acci dent h i s tory at that cros s -

i ng . 

(b ) t is  the number o f  ye ars o f  ob served acc ident h i s tory at the 

g iven cro s s ing . 

(c ) n i s  the ob served number o f  accident s in the period o f  t 

years which cons t itutes accident h i s tory . 

(d ) t o i s  a parameter , based only on cro s s ing charact e r i s t ics  

which charact er i ze the  we i ght to be g iven to acc ident 

1 Menger t ,  Op . Ci t . , pp . H - l through H - 1 2 .  
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h i s t ory versus the uncond i t ional (o r ba s ic )  acc ident pre ­

d ict ion index , h .  

(e ) H i s  the acc ident - h i s  tory - based acc ident pred ict ion rate and 

l ike h i s  expre ssed  in e xpected acc ident s per ye ar . 

Note that H i s  a we i ghted average o f  h ,  the non - h i s t ory acc i dent 

pred i c t ion rate , and ni t , the ob s erved acc i dent r a te in the 

h i s tory per iod . The we i ght ing factors 

to t 
t + t and t + t . o 0 

add to one . The key task  in deve l op ing the acc ident h i s t ory 

fo rmul a  is in e s t imat ing to ' i . e . , i denti fying an d ca l ibrat ing a 

mode l for to in t erms o f  cro s s ing characte r i s t ics . Before d i s ­

cus s ing the devel opment o f  a mod e l  for to ' the derivat ion o f  

Equat ion I wi l l  b e  g iven . 

The der ivat ion hypothes i ze s  that each cro s s ing , i ,  has an 

unknown but constant acc ident rate � i . That me ans t hat i f  one 

could know � i then one would find that the me an numbe r  of acci ­

dents per  year in the l ong run (ove r many year s )  woul d  be � i . 

The probab i l ity o f  n acc ident s in a g iven year wou l d  be g iven by 

the Po i s son formu l a : 

n e - n� 
P en)  = � � n .  Equat ion 2 

and the prob ab i l ity of  n acc ident s in t years woul d  be g iven by 

Equat ion 3 

The s e  hypotent ical Po is s on d i s t r ibut ions are due t o  the a s sumpt i on 

o f  t ime homogene i ty and known spec i f ic acc ident rate � .  In 

6 2  



rea l i ty t he specific  acc ident rate $ cannot be det ermined from 

the known cro s s ing charact e r i s t ic s  but mus t  i ts e l f  be a s s umed to  

have random value accord ing to a probab i l ity d i s tr ibut ion deter­

m ined by the cro s s in g  charact e r i s t ics . For reasons o f  mathe­

ma t i cal  s imp l i c ity in addit ion to t he as surance s o f  accepted 

pract ice , i t  wi l l  be as sumed that $ has a gamma d i s t r ibut ion : 

ba 
JX a - I - Ab Pr ($ <x) = � A e d A  r \, a )  0 Equat ion 4 

The gamma d i s t r ibut ion i s  usefu l  for des c r ibing the p robab i l ity 

d i s t ribut ion of an inherent ly po s i t ive quant ity with a un imodal 

d i s t r ibut ion and with independent ly spec i fiab le  me an (� = a /b )  

2 a and var iance (0  = -z) . S ince ana lys is o f  ordinary acc ident 
b 

p red i c t i on rates (non - acc ident h i s tory) ne glects  t he d i s t r ibut ion 

of  $ alt ogether , it is not ove r s imp l i fied to  postul ate that $ 

has such a two-paramet e r  d i s t r ibut ion . I f  s uch a d i s t r ibut ion 

i s  po stul ated for � ,  it fo l l ows (Appendix A) from the l aws of  

probab il ity and from Equat i on 3 that the probab i l i ty distri ­

but i on for the number o f  ac cident s at  a cro s s ing for which a and 

b are known but � i s  not known fo l l ows the negat i ve b inomi al 

formula : 

( a+n- l)( b )a ( 1 )n 
P en)  = a - I I+O I+D Equat ion 5 

I t  a l s o  fo l lows from ordinary Bayes ian ana ly s i s  that the 

d i s tribution of  � ,  g iven that n acc i dent s  are obs erved over a 

per iod o f  t years as we l l  a s  g iven the cro s s ing charact e r i s t i c s  

through the parameters a and b ,  i s  g iven b y  the gamma d i s t r ibu­

t ion : 
6 3  



• 

- a  x 
Pr (�<x l n , T) = � f A n- 1 e - A B dA 

1 � a }  0 Equat ion 6 

where a = a+n and B = b+t . (Th is i s  der ived in Append ix A . ) Now 

t he acc ident pred ict ion inde x , H ,  i s  by definit ion the expected 

va l ue o f  � g iven n acc idents in t years i . e . , H = E (� l n ) . Us ing 

the cond i t ional d i s t r ibut ion spe c i f ied in Equat ion 6 for � ,  one 

obtains for H :  

H - a + N 
- b + t Equat ion 7 

Thi s  i s  because  t he me an o f  the gamma d i s t r ibut ion with param­

eters a ,  b i s  a /b .  

lfuat rema ins i s  to  determ ine a and b as funct ions o f  cro s s -

ing character i s t ics . Note that i f  T=O t hen n=O o f  nece s s i ty 

(s ince there mus t be zero acc id ents in zero time )  and that H 

becomes a/b in that c as e .  But tha t cas e  i s  j us t  the uncond i t iona l 

expected acc i dent frequency (condit iona l or  no acc i dents over no 

t ime ) wh ich i s  j ust h .  Th i s  l e ads to  the equat ion 

a /b = h Equat ion 8 

We a l s o  change notat ion to  b =t o ' Thi s  change i s  becaus e a and b 

are s t andard not a t ion for the p arameters o f  the gamma and ne ga ­

t ive b inomial  d i s t r ibut ion whi l e  t is  a conven ient not at ion to o 
use . 

Sub s t itut ing h = a/ b and t = b into Equa t ion 7 the result o 
comes back to Equat ion l , namely : 
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H a + n 
= b + t 

a b + n t 
= D b  t b + t + t 

= h 
to + n t 

t + to t t + to 

Having de rived Equat ion I i t  should not be not i ced that to l i ke h 

i s  a funct ion of  cro ss ing characte r i s t ics . I t  woul d be sens ib l e  

t o  make to a n  independent func t i on o f  cro ss ing character i s t i cs , 

but a reasonab l e  compromise would be to  make to a funct ion o f  h 

onl y .  The de c i s ion made i n  the present proj ect was t o  c a l ibrate 

to as a funct ion of  h only . Thi s  de c i s ion was made primari ly for 

s impl ic i ty so that H cou ld be cons tructed from h once h had been 

de termined . Some prel iminary invest i gat ion had suggested that 

the p erformance of  H as an acc i dent pred i c t ion index was not 

s tron g ly dependent on the values o f  to ' Prel iminary r e su l t s  

sugge s t e d  that the s imp lest  po s s i b l e  mo de l for to should be cho s en . 

The s impl e st mo del would be t o = constant but .s i gnif icantly better 

p erfo rmance can be obt a ined mak i ng to a func t ion of  h . l Pr e l im­

inary inve s t igat ion suggested that t o decrea s e s  as h increase s . 2 

Furt hermore , i t  i s  reasonab l e  to  r equire t ha t  to have a maximum 

value , s ince o t herwi se  cro s s ings w it h  extremely l ow values of h 

woul d r esul t in very l a�ge values o f  to ' whi ch in turn wou l d  have 

no cont ribut ion to H from t he t erm in nIt , the obs erved acci dent 

frequency . As a resul t , the form assumed fo r to was 

to
- l 

= c + dh 

IMenger t ,  Op e Ci t . , pp . H- l through H - 1 2 .  
2 I b id . 
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wh ich is  the s imp lest  mode l cons i s t ent with : 

l .  to depends only on h 

2 .  to i s  not const ant 

3 .  t o 
- 1 increases  as h increases  

4 .  to doe s not go to infinity as h goes to  zero . 

An equivalent form is : 

to = r 
s + h 

The key t a s k  that rema ins i s  t o  determine the best  val ue s  to  

use  for  r and s .  Before do ing that it is we l l  to  exp l a in why t o 

i s  expected to  decrease  as h incre a se s . In  the Mengert report 

this  t endency had al ready been ob served in the l imited expe r i -

ment at ion there . 

Reca l l  t hat the d i s tribut ion of  $ (the unknown spec ific  

ha zard of  a cro s s ing) i s  such that i t s  var iance is  equ a l  to  its  

mean d iv ided by t o ' ( � =h , 0 2 = 
t

h) i . e . : 
o 

Thus , exp l a ining why to
- l  

1 1 . .  h 2 ent to  exp a ln lng w y 0$ 

incre ase s with incre as ing h i s  equ iva ­

incre ase s facter than l inea r l y with h .  

An in forma l argument goes  something a s  fo l l ows : Supp o s e  $ 

is det ermined by two factors , one factor depend ing on recorded 

cro s s ing charact e r i s t ics  ( s ay , x)  and the other factor depend ing 

on unrecorded or unknown cro s s ing charact e r i s t i c s  ( s ay , y) and 

that $ = xy . A l s o  suppose  the s e  factors  are independent . Then , 
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where x i s  the f i xed factor for recorded c ro s s ing character i s t i c s  

and �y i s  the me an o f  y wh ich repres ents t he unknown character­

i s t ic s . Further , 

and 

so that 0 2 /� � incre a s e s  l inearly in h ,  the factor 0;/ (�y) 2 be ing 

independent of  recorded cros s ing character i s t ics . The idea i s  

that 0 2 i s  rough ly proport ional to  the s quare o f  the uncond i t i on a l  

acc ident pred ict ion rate . Since t he uncond it iona l acc ident pre ­

d ict ion rate i s  primar i ly a funct ion o f  expos ure , the idea is  

that  if  the  expo sure is  h i gh the pot ent i a l  var iab i l i ty in ¢ i s  

proport ionate ly h i gh s ince there are many potent i a l  acc ident s and 

whether or not they actual ly occur i s  a funct ion o f  unknown cros s ­

i ng characte r i s t ics 

If the var i ab i l ity in � i s  proport i ona l roughly to h ,  t hen 

o� is proport ional roughly to  h and o� is proport ional roughly to 

h 2 leading to  t o
- l  b e ing proport ional rough ly to h .  In add i t i on ,  

- 1  we wish t o 

e ffect , that 

to  h ;  and s o  

zero when h equa l s  0 or , w i t h  the same not to equal 

- 1  to be l e s s  rap id l y  increas ing than proport iona l ly 

the form to
- l  

= c +df i s  chos en . I t  is , of  course , 

neces s ary that c turn out to  be pos it ive when the mode l i s  cal ­

ibraded for this  form to  be re t a ined . That has been found to  be 
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the case , s o  the s imp l e  form to
- l  

= c +dh (or equiva l ent ly 

to = s�h) is the form deve l oped and d i scus s ed in  t h i s  report . 

The det e rminat ion of  the proper values o f  r and s in 

to = s�h is  now the key task  in comp l e t ing the deve l opment o f  the 

accident pred ict ion fo rmul a .  

I t  was noted i n  the Mengert report that a good way to  cal i ­

brate a mode l for to i s  to use a sub s amp le o f  only cro s s ings 

which have had at  l e as t one acci dent . That is  a good i dea from 

the po int of v iew o f  e fficient use o f  the data . But s ince t he 

wr i t ing o f  that ana lys i s , s everal years o f  acc ident his tory have 

b ecome ava i l ab l e . As a cons equence , it was dec ided that the best · 

use  o f  t ime and resources woul d  be a de t a i led examinat ion o f  the 

performance of a l t ernat ive mode l s  on s everal years of actual 

accident experience . Us ing power factors and pred i ct ion factors 

cal cu l ated at o . s p ercent i nt erval s ,  the performance of  Equat ion 

I wi th to = s�h and with  var i ous va lues  o f  r and s was deter ­

m ined us ing var ious years a s  "his tory "  years , i .  e . , as  years to  

de t ermine n and var ious other years  a s  "te st " years , i . e . , on 

which to determine power factors and pred i ct ion factors .  The 

resul t s  o f  the s e  exper iments are descr ibed in Sect ion 8 .  The 

power factor and predict ion factor mea sures , the ir calcu l at ion 

and pres entat i on in Tab l e s  are d i s cus s e d in  Sect ion 9 .  
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1 2 . CONCLUS IONS 

The mod i ficat ion o f  the bas ic acc ident pred ict i on formul a  t o  

inc lude acc ident his tory as an exp l ic it fa ctor produces a formu l a  

w it h  much h i gh er per formance . Fo r example , us ing three years o f  

accident h i s tory , the 1 0 0 0  cro s s ings from.  t he nat ional inventory 

that have the h i ghe s t  pred icted acc ident rate accord ing t o  the 

mod i fied formul a  wi l l  have 75 percent more accident s than the 

h i ghest  1 0 0 0 cro s s ings i dent ified by t he non - acc ident h i story 

formu l a . Th is i s  equivalent to  s aying that the power factor i s  

7 5  percent h i gher for t he s e  cro s s ings . 

The performance o f  the acc ident h i s tory formu la incre a s e s  

with t h e  number o f  years o f  acc ident h i s tory ( t ) . The amount o f  

increa s e  i s  greatest  for t = l  with the increment a l  incre ase  

d im i n i sh ing a s  t increas e s . The increase in permanence is 

h i gher fo r cro s s ings with h i gher value s  of  the pred icted acc ident 

frequency . 

The form o f  the acc ident h i story formu l a  i s  a we i ghted sum 

o f  the bas ic pred icted accident rat e  (without acc ident h i s t ory) 

and the ob served accident rat e . The we i gh t s  are not con s t ant 

but are a funct ion of the b a s i c  predi cted acc i dent rate . The 

weights are the s ame funct i on fo r a l l  three groups  o f  cro s s ings 

(p a s s ive , fl ash ing l i ght s , and gates ) .  
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1 3 .  I NTRODUCTI ON 

Two of the  mo s t  widel y  used ra i l - hi ghway cro s s ing ha zard 

model s in use today are t he New Hampshire (NH) mo del 1 and the 

Peabo dy - Dimm i c k  ( PD) mode1 . 2 Other mo del s us e variat ions of the 

NH and PD model s .  W i th the expec t ed wide us e of  the r ecently 

developed DOT mode1 3 , po s s ibly suppl anting the NH and PD model s 

in many c a s es , i t  i s  important to de termine a s  cl early and 

obj ect ive ly as po s s ibl e how the DOT model compares in p erfo rmance 

to these model s .  Thi s  memorandum provides such a compar i s on . 

1 4 . APPROACH 

The measures of p erformance i n  comparing the thr ee models  

are the  "power fac tor" and the "performance fa ctor" which were 

developed at the Transportat ion Syst ems Center ( TSC) . 4 

I f  Y deno tes the p ercent o f  accident s  wh ich occur wi thin the 

X% mo s t  ha za rdous cro s s ings and Z deno t e s  the perc ent of  total  

ha zard index represented by  the  X %  mos t  ha zardous cro s s ings , then 

the X %  power factor i s  Y/X a nd the X% pr ed i c t ion factor is Y/ Z .  

The s e  performance mea s ures are for a g iven ha zard model and for 

a part icul ar s e t  of acc i dent data , such as a g iv en year ' s  acc i ­

dent fil e .  Thus , t he s e  measures w i l l vary for different mo dels 

1pederal H i ghway Admini s trat ion , "Ra il road - Hi ghway Gra de Cro s s ing 
Handbook , "  U . S .  Department o f  Transportat ion ,  Washing ton , D . C . , 
August  1 9 7 8 ,  PID�A - TS- 7 8 - 2 1 4 ,  p .  8 7 . 

2peab ody , L . E . ,  and Dimmick , T . B . ,  "Accident Ha zard at  Gra de 
Cros s i ng s , " Pub l i c  Roads , Vo l . 2 2 ,  No . 6 ,  Augus t  1 94 1 ,  pp . 1 2 3 - 14 4 . 

3Meng ert , P . , Op e Ci t . , p .  B - 7 .  
4�Jeng ert , P . , Op . Ci t . 
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and wil l  exhib i t  stat i s t i ca l  variat i on for di fferent acci den t 

s ampl es . 

I n  this analys i s ,  four years o f  accident da ta are us ed : 

1 9 7 5 ,  1 9 7 6 ,  1 9 7 7 and 1 9 7 8 .  At this wr i t ing (May 1 9 8 0) thes e are 

al l the acci dent reco rds ava i l ab l e  that are k eyed to  the DOT - AAR 

Rai l - H ighway Cros s ing Inventory . I t  is  t hought that a tes t in ­

vo lving a l l  t he acci dent data woul d b e  more meaningful than i f  

only a s ingle year ' s  f i l e  is  us ed . Therefor e ,  the t e s t  us ed i n  

this  a na l ys is i s  aga inst t he four - ye ar accident average fo r each 

cro s s ing . 

Th e NH model and the PD model are selected for compar i s on 

becaus e they are two widely us ed mode l s  today an d they do not 

requ i r e  any informa t ion not in the DOT -AAR i nventory . The NH 

model l i s  

H = KCT for Pass ive Cro s s ings 

= . 6KCT for Plash ing L ight Cro s s ings 

= . 1 KCT for Gat e Cros s ings , 

where H is  the expect e d  numb er o f  acci dents /year . Th e cons tant 

K is a norma li z ing factor determined from the to tal expec ted 

numb er o f  acci dents for  the  t ime p e r io d  o f  int eres t .  Co ns i s t ent 

with the as sumption for the DOT model , "p as s ive cro s s ings" cons i � t  

o f  cro s s i ngs w i th warning device  clas ses 1 ,  2 ,  3 ,  and 4 i n  the 

J l pedera l Highway Adminis trat �o n ,  Op e Ci t . , p .  8 7 . 
! 
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I nventory ; " f l a s hi ng l i ght" cro s s ing s consi s t  o f  cro s s i ng s  with  

warn ing devic e  cl a s ses  5 ,  6 ,  and 7 ;  and " gate" cro s s i ngs  cons i s t  

of  cross ings w i t h  warn ing dev i c e  c l a s s  8 .  

The PD model l co ns i s t s  o f  the formu l a  

The fa ctor " 5" is  pres ent b ecause th is model produces t h e  expe c ­

t ed number o f  accidents fo r five years . The parameter A i s  a 

"pro t ect ion co effici ent" whi c h  i s  rel at ed to the warn i ng device 

clas s of  the cro s s ing . Peabody - Dimmick i dent i f i e d  thirteen typ e s  

o f  "pro t ect ion" a t  a cro s s i ng which r e s u l t s  i n  th irt een different 

val ues for A .  No coefficient i s  spe c i fi ed by them when there i s  

no warning device or s ign a t  a cro s s ing . The s t at e  o f  Ken tucky 

u s es the PD model for whi ch t hey sp eci fy n ine warn i ng dev i c e  

c l a s s e s , inclu ding "no protect ion . "  The s e  n ine warni ng device 

c l as s e s  used by Kentucky and th e a s s o c ia t ed "pro t ect ion co eff i ­

c ients"  were obt ained by I OCS in their re cent work w i t h  K entucky . 

They are : 

WARNI NG DEVI CE CLASSES 
USED BY K ENTUCKY 

No prot ect ion 
Cro s sbucks 
Bel l s  only 
S top s i gns 
W i gwag with bel l 
Flashi n g  l ights 
Flashing l i ght s wi th bell  
Fl agman 
Flashi n g  l ight s w i t h  g a t es 

PROTECTI ON 
COEFFI CI ENTS 

1 . 0 0 
1 . 6 5 
1 . 7 8 
1 .  8 6  
2 . 0 3  
2 . 1 8 
2 . 2 5 
2 . 5 2 
2 . 7 0 

1peabo dy , L . E . , and Dimmi ck , T . B . , Op . Cit . , p .  1 2 5 .  
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S ince the mo t ivat ion for the pr es ent anal ys is i s  to eva luat e 

the spec i fic mo del that Kentucky us es - - with the t hought that 

this i s  a typ i ca l  user of the P D  model  - - i t  is neces s ary to 

determine from Kentu cky ' s  c o effic i ents the val ues  of A t hat s hould 

be as s i gn ed to the e ig ht DOT -AAR warning devi c e  c l a s s es . The s e  

values of A us ed i n  the pre s ent ana lys is are : 

DOT - AAR WARNI NG 
DEVI CE CLASS A 

1 1 . 00 
2 1 . 6 5 
3 1 . 86 
4 1 . 6 5 
5 2 . 52 
6 2 . 03 
7 2 . 2 2 
8 2 . 7 0 

The parameter f ( Iu) i s  int ended to b e  read from a pub l i s hed 

graphl of f ( Iu) versus I u ' where I u=1 . 2 8 C · 1 7T · 1 5 l/A . Unfortun ­

at ely , this graph i s  only defined fo r va l ues of Iu up to 5 . 0 , 

wh ereas with today ' s  volume of  tra in and hi ghway traff i c , I u 

exceeds 5 . 0  for many cro s s ings . I n  fact , app roximat ely 2 , 5 0 0  

cr oss ing s  in the na t ional inventory have va l ues  of  I u that exc eed 

5 . 0 . Thi s  means that the Peab o dy- Dimmick model i s  not defined 

for 2 , 5 0 0 cros s i ng s  in the nat iona l inventory and hence a comp ara­

t ive evaluat ion i s  hampered by this defi c i ency . In  part icular , 

the pr ed i c t io n  factors cannot b e  obtained in any me aningful way . 

l peabo dy , L . E . , and Dimmi c k ,  T . B . , Op e Cit . 
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Howeve r ,  for the determina t i on of  power factor s ,  thi s prob l em 

can b e  avo ided . S ince the power factor i s  b a s ed on the relat ive 

.C'. rank i ng of  cro s s ings rather t han on the abs o lu t e  va lue o f  H ,  i f  

the ranking o f  cro s s ings bas ed o n  I u i s  t he s ame a s  that based 

on H ,  t hen the power factors wi l l  b e  the s ame in b o th cases . 

That this i s  the cas e  i s  s een in the fo l lowing : 

Let Y = I u + f ( I u) '  Then 

Cl e arly , if dy/ dlu i s  grea ter than 0 for a l l val ues of Iu ' then 

the ranking o f  cros s ings i s  the s ame whether I u ' Y or H i s  used . 

From the graph in the P eabody - Dimmi c k  paper , i t  can eas i l y  b e  

s een that df/ d lu is  greater than - 0 . 5 . Therefore , dy/d lu i s  

grea t er t han 1 - . 5  o r  . 5 , and the as s ert ion is  proved . Thus , i t  

i s  no t neces sary t o  u s e  f ( Iu) i n  determining the power factors 

and hence only Iu i s  used in the pre s ent analys i s .  

1 5 .  RESULTS 

The fo l l ow ing t abl e conta ins the comparat ive resul t s  of the 

three mo del s for al l warning devic e  clas ses  combi ned : 
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Thes e  r esul t s  show the s uperior i ty o f  the DOT mode l over t he 

o ther two . For the NH mo de l , t he power fa ctors are  reas onab ly 

h ig h  but s l ightly lower than for the DOT mode l . The pr ediction 

factors are much worse , however .  Thi s  means t hat  t he h a z ard 

indexes for the high ha z ard cros s ings are too h i gh r e l a t ive to 

the l ow ha zard cro s s ings . Thi s  coul d be exp l ained by th e fac t 

that a s impl e  expo sure model  ( as the NH mod e l  i s )  shows no dim ­

in ish ing of  ha zard index for h igh exposure , as  the DOT model do es . 

Fo r the PD mode l , the power factors are s i gnificantly l ower 

t han for the ot her two mode l s . Thi s  contr a s t s  w i th the good 

power factor perfo rmance found for individual warn ing devi ce 

c l a s s es . 1 It is not comp l etely c l ear '''ha t the reas on is for the 

poor p er fo rmance for comb ined c l as ses . The p erformance o f  a 

model o f  t hi s  funct ional form depends on the val ues  of  the ex­

ponents (which are 0 . 1 7 and 0 . 1 5 1  in this c a s e )  and on the va lue 

of  the coeffi cien t s  in the denominator . No t e  that the exponent s 

are much l ower t han fo r th e NH model , whi ch i s  uni ty fo r both T 

and C .  Th e reason for the l ow power fa cto rs , o f  cours e ,  i s  

tha t  cros s ings  wh ich have a l ow acci dent r a t e  are g iven a high 

ha z ard i ndex . Upon examining the cro s s ings ranked by the PD 

mo de l , there appears to  b e  a concentratio n  of C l a s s  1 (no warning 

device or s ign) cros s ings at  the top . Th es e , i t  turns out , have 

a l ow accident rate . The reason Class  1 cro s s ing s appear a t  the 

top probab ly is  due to its l ow coefficient va lue of  t lone . t I I n  

1 Mengert , p . ,  Op . Cit . 
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add i t ion , i t  mus t  be rememb ered that the PD model wa s developed 

with the  ac c i dent exp er i ence and cro s s ing traffic that exi s t e d  

- from 1 9 3 2  to 1 9 3 6 ,  and hence i t  i s  not surpri s ing that i t  p er ­

forms poorly on today ' s  cro s s ings . 

The prel imina ry conclus ion to b e  drawn from thes e poor re­

sults  of the PD model  i s  that i f  the fun c t i onal form o f  thi s 

model i s  to b e  used , a b etter s el ect i on o f  values o f  A mu st  be 

made than tho se used by Kentucky . 
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APPENDIX A 

To derive Equat ion 6 ,  s everal defini t ions w il l  first  b e  

introduced . 

Let : 

Pr ( . < >. )  = .c >' 
p (x) dx 

( th i s  de fine s p (x) ) 

Thus : 

ba a - I  - b A  p e A ) = rrar A e 

Equa t ion A- I 

Equat ion A- 2  

Let  Pr ( � < A , n) mean "the probab i l i ty that � < A  and t hat  there 

wi l l  be exac tly n acc ident s in the t years o f  obs erva t i o n . " 

Let Pr (n l � = A ) ( or s imply Pr (n I A ) )  means " the probab i l i ty that 

there w i l l  b e  exactly n acc idents i n  t year s given that <I> = A . " 

Let Pr ( <I> < A l n )  mean " the probab i l i ty that <I> < A  given exac tly 

n accident s i n  t years . "  

Al l the above i s  s tand ard nota t ion from condi t ional pro b ­

abi l ity . 

Let : 

Pr ( � < A , n) -_ f
A 

p (x , n) dx 
o 

(this defines p ( A , n) ) 

A 
PT ( � < A l n) = f p (x l n) dx 

o 

(this  defines p (x l n) ) 
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Equa t ion A- 3 

Equat ion A- 4 



--

, . 

The bas ic formula fo r condi t ional probab i l i t ies  from whi ch 

B ayes ian analysi s  derives s t a t es in g enera l : 
',() 

Pr (A , B) = pr (A I Ilj Pr (B)  

= Pr (B I A) Pr (A) 

----

Equat ion A- S 

(whatever events  A and B may s igni fy ) . In the pre s ent case : 

Pr ( � < A , n) = Pr ( $ < A l n) Pr ( n) 

Th e l at ter i s  equ ival ent to : 

p ( A , n) = p ( A l n) Pr (n) 

= Pr (n I A )  p e A )  

I t  i s  known from Equat ion 3 t hat  

n - At 
Pr (n I A )  = 

( At )
n !

e 

and from Equat ion A - 2 that 

P C A )  ba a - I - b A  
= 'flaT A e 

S ince 

J� 
p ( A l n) d A  = I 

o 

i t  fol lows tha t 

Pr (n) = J� 
Pr (n I A )  p ( A ) d A  

o 

Equat ion A - 6 

Equa t ion A - 7 

Equat ion A- 8 

The rest  o f  the der iva t i on i s  stra i ght forward ma thema t i c a l  man -

y'" ipul at ion . From Equat ion A - 7 
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p P i n) = Pr (n I ). ) P O . ) 
Pr Cn) 

= 
( )'t) n e - )'t 

n l 

= ). a+n - 1 - (b+t) . e c 

wh ere c do es not depend on ). .  

Thi s  s hows that p ( ). l n) i s  l ike p ( ). )  except that a i s  repl aced by 

a+n and b is  r eplaced by b+t . Thi s shows that the dis tr ibu t ion 

of  � cond i t ioned on n acc idents in t years i s  the s ame as the 

di s tr ibut ion of  � with no accident his tory informat ion except 

that a and b are trans formed as s tat ed . 
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